INTRODUCTION
Although the study of olfaction has enjoyed as old and honorable a history as that of vision and hearing, it is painfully apparent that our understanding of this branch of physiology is little more advanced today than it was at its inception (of. Crozier, 1934; Geldard, 1950; Symposium on Olfaction, 1950; Pfaffmann, 1951 Pfaffmann, a, 1951 . The foremost obstacle to research has been an inability to quantitate and define the stimulus. Second only to this as impediments have been the inaccessibility of the vertebrate olfactory receptor area and the difficulty of selecting a useful criterion of response. Resolution of the first problem is entirely a technical matter, and the development of satisfactory instruments has been slow. Numerous models have been devised in an attempt to regulate the stimulus (of. Dethier, 1947; Wenzel, 1948) , but the majority of these olfactometers permitted of no quantitative control. More recently technically superior instruments for use with human subjects have been developed by Wenzel (1949) and by Foster, Scofield, and Dallenbach (1950) .
Assured that stimulus control may be achieved by proper application, one is then confronted with the problem of presenting the measured stimulus to the sensory area and eliciting an unequivocal response. With man the remoteness of the sensory area and the association of stimulus transport with the process of inhalation introduce complications. Many of these difficulties do not arise with insects as subjects. Because of this and other reasons which will become apparent below, insects offer several advantages as subjects with which to study olfaction and the distinctions between olfaction and contact chemoreception (cf. Dethier and Chadwick, 1948 a) .
The contact chemical sense of the fly is mediated by receptors located on the tarsi and labellum; the olfactory sense, by receptors on the antennae,
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labellum, and palpi. Here then is a preparation in which the two categories of chemoreceptors can be studied separately without the interference that is usually encountered in vertebrates in which gustatory and olfactory areas are inconveniently closely associated. By extirpating the olfactory receptors of flies one can investigate the effects of various organic as well as inorganic compounds in stimulating contact chemoreceptors. Use of this technique has yielded a considerable body of knowledge relative to the physiology of tarsal chemoreception Dethier, 1947, 1949; Dethier, 1951; Chadwick, 1947, 1950) . One of the series of compounds studied was the homologous aliphatic alcohols. Rejection thresholds were determined for these compounds, and a correlation established between structure and stimulating effectiveness.
Against the background of this knowledge and in view of the considerable anatomical advantages offered by the blowfly, it was clear that the use of this insect would reduce appreciably the basic difficulties outlined above and in so doing assist in the eventual elucidation of the mechanism of olfaction. The present study, representing the first step in this direction, is concerned with the relation between the stimulating effect and the properties of homologous aliphatic alcohols. The compounds tested were obtained from the same sources as previously.
METHODS AND RESULTS
The Instrument.--The instrument employed was a Venturi-type olfactometer, a modification of the Hoskins and Craig (1934) instrument (Fig. 1) . It also incorporated certain refinements introduced by Willis (1948) . The principle of operation was relatively simple. A source of air was split into three streams each of which was metered. These entered a reaction chamber through two ports. One stream passed directly to the port which was to serve as a control. Streams two and three went to the experimental or test port. Of these two one was passed through saturators conmining the compound to be tested; the other was used to dilute the first to the desired concentration. A system of three-way stopcocks permitted directing the control stream, and similarly the test stream, to either right or left port. Odor concentration was regulated by varying the ratio of the rates of flow of streams two and three and also the rate through the saturator. In all experiments the rate of air flow through the control port was made equal to the total flow (streams two and three combined) through the test port.
Insects to be tested were confined in a cage within the reaction chamber. The cage was placed in such a position that the two air streams, control and test, passed through it with little or no mixing. Beneath the floor of the cage were two exhaust ports. Since this compartment was not air tight, it was possible to exhaust gases at a rate greater than that at which they entered. In this manner turbulence and dead air areas were reduced to a minimum. Lights shining through the ports attracted flies to that side of the cage. In a control experiment, when pure air passed through both ports, the flies distributed themselves on the wall of the cage adjacent to the ports in such a way that equal numbers appeared before each port. When odor replaced the air at one port, the distribution of flies shifted so that a greater number congregated at the test port if the odor was attractive and a lesser number if it was repellent. In the former case the concentration which caused the number of flies at the test port to be increased by 50 per cent was termed median acceptance threshold. Conversely, the least concentration which caused the number of flies at the test port to be decreased by 50 per cent was termed the median rejection threshold (Fig. 2) . Records of the distribution were made photographically, ten consecutive exposures being made for each experiment. The criterion of response used in this investigation was the median rejection threshold. Comparable studies employing the acceptance threshold are now in progress.
The three knottiest problems encountered in the operation of an olfactometer are (1) control of inaccuracies attendant upon the production and mesaurement of vapors of different concentrations; (2) variables reflected in the behavior of the flies; and (3) statistical analysis of response.
Coscenlralion Conlrol. One very great advantage of selecting rejection as a criterion instead of acceptance or absolute threshold is that the working concentrations exceed the range in which minute amounts of impurities, absorption by conduits of the apparatus, and small uncontrollable fluctuations in concentration exert a sig-nificant influence. The objection might be raised that we are dealing here with a common chemical sense, but experiments to be reported elsewhere indicate that the receptors involved are specialized ones located on the antennae and mouthparts. A more serious objection, but one which applies equally well to other selected thresholds, is that the order of stimulating efficiencies of a series of compounds may differ depending upon the threshold chosen. This is obvious from an inspection of concentration/intensity curves (of. Fieldner et al., 1931) or concentration/response curves (of., e.g., Fig. 3 ). It is to elucidate just this point that comparable experiments utilizing acceptance thresholds are in progress. The source of odor carrier was an oil-pumped compressed air which was passed through a H~SO4 filter and a cellulose cotton filter. It emerged reasonably free from impurities and dehumidified. No attempt was made to rehumidify the air because experience had shown that with Phormia more consistent results were obtained when the air was dry. As previously stated, the air was split into three streams each of which was metered either by a Venturi-type flowmeter or a flowrator. Stream one passed without further change to the control port. Stream two passed through a saturator containing the test compound in a liquid state; in these studies, alcohols. Originally, fritted glass saturators were installed in the instrument, but it soon became apparent that this type of saturator was heir to the inherent inaccuracies characteristic of all saturators of the bubbling variety. The most serious error introduced by bubbling, unless controlled by special devices, is the mechanical transport of aerosol from liquid to air (cf. also Glasstone, 1946, p. 630) . Gas saturators used in the transpiration method of measurement of vapor pressure lowering (Washburn and Heuse, 1915; Pearce and Snow, 1927) , while possessing great accuracy, are unsuitable for use in olfactometer studies of the type described here. Also, the types of saturators used by Fieldner et al. (1931) in their studies on warning agents for fuel gases do not permit the necessary operational flexibility required here. Mter experimenting with various designs of saturators we selected for use the wick type described below because it gave the most accurately reproducible results. Briefly, it consisted of a test tube with a side arm 1 inch from the bottom. The tube was filled with alcohol to a point just below the side arm. A sleeve of filter paper extending from the bottom to a point just below the top was slid into the tube. This served as a wick from the surface of which the alcohol evaporated and was carried by the air entering the side arm to other parts of the apparatus. After an initial 10 minute period of equilibration the saturator settled down to delivery of a constant amount of alcohol vapor. The degree of saturation remained the same over a period of 8 hours--the longest run. For liquids of low or moderate vapor pressure the loss of volume of liquid was too small to alter significantly the area of wick exposed. The vapor was not necessarily saturated, but inasmuch as a known concentration of vapor rather than a saturated one was required the apparatus was satisfactory. Temperature was kept constant, and each saturator was calibrated for different rates of flow in the presence of different compounds. The concentration was ascertained by measurement of the loss of weight of liquid after a measured amount of air had passed. An idea of the constancy of the apparatus may be gained by an inspection of Table i , which lists calibration data for several saturators at selected rates of flow.
Concentration was varied by altering the rate of flow through the saturator and by varying the ratio of this rate and that of the diluting stream. The two were mixed by turbulence in a half liter bottle before passing to the port. It was found by experiment that the response of flies was not significantly altered by changes in total rates of flow from one experiment to the next provided that the limits 50 to 500 liters per hour were not exceeded.
A final problem to be overcome concerned prevention of mixing of test and control streams as they passed through the insect cage (cf. Willis and Roth (1950) for improved design). Diameters and angles of conduits, rates of flow, method of exhausting the reaction chamber, and temperature differentials within the apparatus are some of the factors involved. A satisfactory working condition was obtained by trial and error, the efficiency of the apparatus being tested by visible smoke.
Behavior of the Flies.--Each species of insect behaves differently in an olfactometer, and it appears that a special instrument must be designed for each. Experience alone will indicate the dimensions of the cage and reaction chamber to be employed, the number of insects to comprise each sample, and the duration of the experiment. For this study we confined 100 flies of both sexes in a screen cage 4 X 6 X 8 inches.
The cage was usually filled about 20 hours before use and set in subdued light. All flies were 1 to 2 days old and from a stock maintained in the laboratory at 21 to 25°C. Initially in the course of testing it was observed that large variations in response were obtained and could not be attributed to any lack of uniformity in the presentation of test concentrations. It is now known that this variability is inherent in the flies and can be ascribed to three causes. The nature of two of these is known. The 9.2 X 10 -6 0.0600 26 1.8 X 10 -6 0.0120 26 1.8 X 10-~ 0.0120 26 1.5 X 10-6 0.0976 26
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Tests were run as follows: (1) A cage of 100 standardized flies was placed in the olfactometer. Both air streams were turned on; one was pure air and the other, the concentration to be tested. (2) A period of 2 minutes elapsed to allow the test vapor to reach the cage. (3) The lights were turned on for 6 seconds. (4) Ten pictures were taken at 10 second intervals to record the distribution of the flies before the two ports. The lights were on only during the time of exposure. A different sample of flies was used at each concentration. For a given concentration it was customary to collect data on four or five samples. For each compound tested data were collected at four to six different concentrations.
Statistical Analysis.--The situation to be analyzed was very complex. The flies were constantly, but slowly, milling in the cage. Under experimental conditions approximately 80 per cent of the population responded to the light. Of these 20 to 40 per cent were directly in front of the two ports at any one time. The control run with each experiment took care of any right/left bias and also of variation in the percentage of the sample normally responding to light. Since the population was constantly moving, however, we did not know whether the number of flies responding, as seen on the tim, represented a constant segment of the sample or whether in actual test flies driven away from one port went to the other. Actually the flies were presented with three choices, the control port, the test port, and some neutral area in the cage; but for methods of analysis, only those flies were considered which appeared on the film. They were considered as participating in a two choice system. The mean per cent response (as determined from ten exposures) was obtained for each sample of flies according to the formula Mean total at both ports -mean number at experimental port 2 mean per cent response Mean total at both ports 2 The means of samples tested at a given concentration were then averaged, and these group means were plotted in probability units against the logarithm of concentration. An analysis of variance was made initially to indicate whether N in subsequent calculations should be taken as the number of samples at a given concentration or as the total number of flies reacting. The analysis showed that the groups at a given concentration were significantly different. Consequently N was taken as the number of experiments (one experiment being ten exposures) within a group rather than the number of flies.
Plots of the per cent rejection in probability units against the logarithm of concentration suggested linearity. An analysis of variance was run with several representative alcohols (those that exhibited the greatest scatter) to determine whether there existed any evidence of non-linearity. The rejection percentages were first converted to angles by use of arc sine transformation. Concentrations were converted 2.7 X 10 -3 2.4 X 10 -4 5.4 X 10 -6 5.8 X 10 -6 2.2 X 10-6 3.8 X 10-~ 2.8 X 10 -7 1.3 X 10 -6 4.2 X 10 - to logarithms. The test for non-linearity was made according to the procedure given by Goulden (1939, p. 214) . The F value obtained for n-propanol was 1.7 with 4 and 22 degrees of freedom; for n-butanol, 0.057 with 4 and 18 degrees of freedom. Since this value in each case did not approach the 5 per cent point, it was concluded that there was no evidence of non-linear regression (cf. also Fisher, 1944) .
Median rejection thresholds were calculated according to the short method of Miller and "Fainter (1944) . For several alcohols the method of Bliss (1938) was also employed. The results obtained by the two methods were found not to differ significantly. Values for the median rejection thresholds for ten of the normal alcohols together with their standard errors are given in Table HI .
DISCUSSION

Distribution of Olfactory Rejection Thresholds in Pkormia Populations.--It
has been pointed out earlier (Dethier and Chadwick, 1948 b) that the distribution of acceptance and rejection thresholds of contact chemoreceptors in
insect populations is normal with respect to the logarithm of concentration. It would be reasonable to expect the same relationship to hold true for olfactory thresholds. As the data presented here show (Fig. 3) this expectation is realized. But as was true in the case of contact chemoreceptors there is insufficient information regarding the number and nature of olfactory receptors to enable us to equate differences among individual specimens with differences among individual receptors. Nor is information forthcoming relative to concentration/intensity relationships. In the literature on human olfaction there are examples showing that the intensity of odor is related approximately logarithmically to the concentration of stimulus. Fieldner et al. (1931) have illustrated this relationship with mercaptans and alkyl thioethers. Wenzel (1949) has shown it for phenyl ethyl alcohol. It is highly probable that a similar situation holds for insects. In the meantime knowledge of the relationship between the distribution of thresholds and the logarithm of response is extremely useful in that it permits calculation of median threshold values for compounds which cannot be investigated over the full range required for 100 per cent response.
The Relative Stimulating Effect of the Alcohols.--When the rejection thresholds of the normal alcohols are expressed as molar concentrations and plotted against their respective chain lengths on logarithmic coordinates (Fig. 4 ) the trend toward linearity is at once apparent. Although the higher members, especially octanol and decanol, exhibit irregularities, they do not depart significantly from a straight line. In comparison with the rejection thresholds of the same compounds acting in aqueous solution on the tarsal contact chemoreceptors two facts stand out: (1) the molar concentrations are markedly lower for olfaction; (2) the line expressing the relation between threshold and chain length does not show the discontinuity characteristic of this relationship for tarsal chemoreceptors. The fact that the relationship for olfaction conforms more closely to that usually expected of homologous series acting on physiological systems at once suggests that the limiting mechanism might be similar to that operating in narcosis and toxicity. To test this proposition it is necessary to express thresholds in terms of thermodynamic activities. The use of activities is justified when the phenomenon being studied involves the establishment of an equilibrium, but in cases in which equilibrium is not known with certainty to exist the use of activities can serve as a means of investigating the possibility. The threshold activities were calculated according to the method given by Ferguson and Pirie (1948) gether with values for saturated vapor pressures, thresholds in molar concentrations, and thresholds in activities are given in Table III . Vapor pressures at saturation were taken from the International Critical Tables, from the paper of Stull (1947) , and also calculated for the desired temperature according to the method of Getman and Daniels (1943) . The thresholds expressed as p~ are plotted against the saturated vapor pressures (p,) on logarithmic coordinates in Fig. 5 . Included also is the saturated vapor line. It can be seen that there is a high degree of correlation between pt and p,. The correlation coefficient, r, is 0.92 with 7 degrees of freedom. Application of the t test for 7 degrees of freedom and P = 0.01 gives a t value of 7.0. Since a value of 3.50 was required, the coefficient 0.92 is highly significant. The data are fitted by the regression
The slope of the regression is not significantly different from 1. Thus it is apparent that the "threshold pressures vary directly with vapor pressure. However, it is equally clear that individual threshold values deviate markedly from the calculated regression line. An analysis of variance to test the goodness of fit of the regression line gives an F = 14.0 with 7 and 36 degrees of freedom. Since this exceeds its 5 per cent point (2.28), it can be concluded that the deviations of the threshold values about the regression are due to factors other than their errors of estimate. When expressed as activities the thresholds are not significantly different from one another (Fig. 6 ).
Since the standard errors of the first and last members of the series are very great, less reliance can be placed on these values than on those of the compounds of intermediate chain length. The behavior of the flies in general toward the latter was much more decisive, and this together with the comparatively small standard errors suggests that some factor which is not operative in the middle of the chain enters into the reaction at either end. There is a strong indication, however, that the intermediate members are obeying the law of equal effect at equal thermodynamic activities. In view of this there is reason for believing that the limiting process of olfaction, at least in so far as these alcohols are concerned, involves an equilibrium process and is, in a sense, a physical process. For what reason the lower and higher members of the series depart from this scheme is not known. Methanol frequently fails to conform (cf. Ferguson and Pirie, 1948) . The eccentric response to the higher alcohols has been commented upon by Brink and Posternak (1948) .
It is interesting to compare these results with those obtained by Ferguson and Pirie in their studies of the toxicity of alcohol vapors to the grain weevil. with a mean of approximately 0.85. The slope of 1 found in this study compares favorably. The line expressing toxicity, being less than 1, eventually crosses the saturated vapor line after which point the toxicity will be zero. For olfactory rejection thresholds there is no evidence at the moment that the trend to zero rejection is gradual. On the contrary there is reason for believing that stimulating effectiveness ceases rather abruptly. Dodecanol, for example, does not stimulate at saturation. The significance of this sug-gestion cannot be tested, however, until more reliance can be placed in the threshold values obtained for the higher alcohols. The toxicity of the alcohols (Pt/P,) decreased as the chain length increased and dropped to zero at pentanol, The rejection thresholds, on the contrary, are equal--at least over the middle of the series. In general, the activities are lower for rejection than for toxicity.
Another comparison can be made between the effectiveness of the alcohols in causing rejection when applied in aqueous solution to the tarsi and when applied as vapors to the olfactory receptors. The salient features of this comparison are illustrated in Fig. 6 in which the two sets of data are plotted as activities. As Dethier (1951) pointed out, the various alcohols do not stimulate tarsal receptors at equal activities. The action of the different compounds on the olfactory receptors more nearly conforms to the rule of equal effectiveness at equal activities. This is especially true of the intermediate members in which the values are most reliable. In the series there is certainly no evidence of a discontinuity such as that which characterizes the tarsal threshold values. Furthermore, it can be concluded that the olfactory thresholds are in general lower than those for contact chemoreception. This is of special interest because both sets of data have been obtained with the same species of insect, and in both instances the receptors are similar in gross structure;
i.e., the sense cells are capped with thin-walled cuticular hair-like structures exposed directly to the atmosphere and in neither case bathed in mucus or saliva. Certainly in this case differences in the mode of action of the two senses cannot be ascribed to such factors as the constitution, solubility, and pH of external secretions. On the other hand, it should be remembered that the cuticular elements may be quite different in each case.
Finally it may be pointed out that some conclusions can be drawn concerning the mechanism of action of gaseous repellents in this species of insect.
Just as contact repellency to Phormia is mediated through stimulation of taste and tarsal chemoreceptors, so repellency by gases is mediated through receptors located on the antennae and mouthparts. As Ferguson and Pirie have so clearly stated in their paper on toxicity, there is no causal relationship between vapor pressure or boiling point and toxicity. The same is true of olfactory repellency. Furthermore, the repellency of members of the homologous series can be predicted with a fair degree of accuracy from the slope of the threshold curve. It is also evident that there will be no repellent effect at or beyond dodecanol.
SUMMARY
The response of the blowfly Phormia regina to stimulation by alcohols in the vapor phase has been investigated by means of an olfactometer which permitted quantitative control of stimulus concentration. The median re-jection threshold was selected as a criterion of response. As was true in the case of contact chemoreception, the distribution of thresholds in the fly population is normal with respect to the logarithm of concentration. In terms of molar concentration the alcohols are rejected at logarithmically decreasing concentration as chain length is increased. Beyond decanol there is no further stimulation. When thresholds are expressed as pressures and plotted against saturated vapor pressures on logarithmic coordinates, the data fit a line the slope of which is not significantly different from 1; i.e., the thresholds vary directly with vapor pressure. Individual threshold values, however, deviate significantly from this line, and the deviation must be ascribed to other factors which have not as yet been identified. When thresholds are expressed as activities, all alcohols are equally stimulating. It appears that the limiting process of olfaction, at least in so far as the normal alcohols are concerned, may involve an equilibrium process. Conformity to this concept is most exact for intermediate members of the series.
